Efforts to remediate the multiple cognitive function impairments in schizophrenia should consider white matter as one of the underlying neural mechanisms.
S chizophrenia is characterized by severe cognitive deficits that contribute to functional disability in patients. 1 Cognitive deficits, including reduced information processing speed and impaired working memory, are pervasive, precede clinical diagnosis, and form the core of schizophrenia-associated cognitive disabilities. [2] [3] [4] [5] [6] Processing speed and working memory depend on large-scale, longdistance neural network operations that are supported by myelinated neuronal axonal fibers. [7] [8] [9] [10] Patients with schizophrenia show deficits in the microstructure of white matter in postmortem studies and in in vivo studies using diffusion tensor imaging (DTI) as indexed by fractional anisotropy (FA). The role of white matter microstructure for maintaining processing speed and other cognitive measures has been reported in healthy patients with psychiatric and neurological disorders. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] We hypothesized that white matter alterations mediate core cognitive deficits in schizophrenia in both processing speed and working memory. Processing speed is a cognitive construct that may mediate other cognitive functions, 10, 21, 22 and the mediation effects of processing speed have been observed in agingrelated changes in working memory. 22, 23 Working memory deficits are also directly linked to white matter. 15, [24] [25] [26] However, whether processing speed and working memory deficits are separately or jointly associated with white matter abnormalities in schizophrenia, to date, is unknown. Here, we tested the first hypothesis: White matter abnormalities in schizophrenia underlie cognitive deficits as measured by processing speed and working memory tests; the effects of white matter abnormalities on processing speed are direct; and the working memory deficits are mediated via processing speed. This first hypothesis of a pathway from white matter to processing speed to working memory was tested using wholebrain mean white matter DTI values. Schizophrenia effects on white matter as well as white matter effects on cognition are region specific.
19,27,28 Therefore, the white matter-to-processing speed-to-working memory effect in schizophrenia, if present, is also likely to have regional specificity. To test this second hypothesis, we compared the white matter-to-processing speed-to-working memory mediation effect with known regional FA deficits in patients with schizophrenia. Regional FA deficits in schizophrenia were independently defined by Enhancing Imaging Genetics Meta-Analysis (ENIGMA) DTI, the largest schizophreniacontrol meta-analysis of white matter DTI FA. 29 The aim of the second hypothesis was to reaffirm the first hypothesis by further demonstrating the anatomic specificity of the white matter-to-processing speed-to-working memory pathway in schizophrenia.
A challenge for testing these 2 hypotheses was the need for a large sample on which to perform mediation analyses. We used a mega-analysis approach developed by the ENIGMA DTI working group 30 to pool data from 3 cohorts that were collected at 1 site where the recruitment criteria, the neurocognitive and clinical assessments, and the inclusion of a control group were kept the same across the 3 cohorts. The megaanalysis method developed by the ENIGMA DTI working group 28,31,32 allowed for data homogenization by creating a single aggregated sample, which yielded the needed sample size for testing our 2 hypotheses.
Methods

Study Participants
The study involved 166 patients with a mean (SD) age of 38.2 (13.3) years and 213 healthy control individuals with a mean (SD) age of 39.2 (14.0) years from 3 independent cohorts ( Table 1) . Each cohort had its own healthy control group. There were significantly more male patients than controls in each cohort (Table 1) , but there were no significant differences in sex composition among the 3 cohorts (χ 2 =3.1;P = .10). More details about each cohort are in the eMethods in the Supplement. Magnetic resonance images were acquired over the past decade through studies using magnetic resonance imaging scanners (for cohorts A and B, 3-T Trio; Siemens; for cohort C, 3-T Allegra; Siemens); see the eMethods in the Supplement for more details. All participants with schizophrenia were evaluated for their capacity to provide informed consent. All participants gave written informed consent as approved by the University of Maryland, Baltimore, institutional review board, which also approved this study. The study was conducted in outpatient clinics from August 1, 2004 , to August 31, 2015. Uniform cognitive and clinical assessment and exclusion criteria were maintained across the cohorts. No participant had current or past neurological conditions or major medical conditions. Patients were diagnosed with either schizophrenia or schizoaffective disorder as defined by the DSM-IV. Controls had no Axis I psychiatric disorder. Processing speed was assessed with the digit symbol coding task of the Wechsler Adult Intelligence Scale, third edition. 33 Meta-analyses of all cognitive domains affected by schizophrenia argued that speed of information processing showed the largest patient-control differences when measured by digit symbol coding. 5,6 Working memory was assessed with the digit sequencing test. 4 Note that processing speed and working memory are complex constructs and a single task may not capture all aspects. Patients also underwent a psychiatric interview using the Brief Psychiatric Rating Scale (BPRS) (score range: 20-140, with higher scores indicating worse symptoms). Their current medication dose was recorded and converted to chlorpromazine equivalent dose (CPZ). 34 The CPZ was not significantly different among the 3 patient cohorts (χ 2 = 1.66; P = .20).
Image Processing
The DTI data for all 3 cohorts were processed using the ENIGMA DTI analysis pipeline (https://www.nitrc.org/projects/enigma _dti). 30 All data included in the analysis passed the ENIGMA DTI quality assurance or quality control procedures. 35 The outputs of this analysis were normalized values adhering to zero-mean normal distribution. The effect sizes obtained using mega-analysis were nearly identical (r > 0.99) to those obtained using a classic metaanalysis but provided about a 10% improvement in statistical power (eFigure 1 in the Supplement). 27 Raw FA values for patients and controls in each cohort are provided in eTable 2 in the Supplement.
Statistical Analysis
Hypothesis testing was performed in 2 steps. First, we tested the overall group effects of whole-brain white matter mean FA, processing speed, and working memory values. We followed this step with mediation analyses to understand the relative effects of whole-brain white matter on processing speed and on working memory, including a structural equation modeling step to estimate the path coefficients of the mediation models. Second, we performed a correlation analysis between regional white matter FA values and processing speed and working memory. We followed this step with mediation analyses to test the hypothesis that processing speed mediated the effect of regional white matter FA values on working memory.
Mediation Effects on Working Memory by Processing Speed
The first hypothesis was tested using mediation analyses 36, 37 followed by structural equation modeling to estimate pathway coefficients. Fractional anisotropy was the predictor, working memory was the outcome, and processing speed was the mediator (Figure 1 ). This analysis was tested using wholebrain mean FA values for the full sample and then repeated in patients and controls separately. For the second hypothesis, the same mediation analyses were performed for the regional a The severity of psychiatric symptoms was ascertained using the Brief Psychiatric Rating Scale.
b IQ data were only collected from cohort A.
c Self-reported race/ethnicity was recorded as white, African American, and other ethnicities.
d Antipsychotic medication dose is provided in chlorpromazine equivalent dose (milligrams per day).
e The severity of tobacco dependence was ascertained using the FTND.
f Processing speed measurements were performed using digit symbol coding, and working memory was assessed using the digit sequencing task.
FA measurements to study the regional specificity of this association. 39, 40 which showed that 85 participants were sufficient to achieve 80% power for the Sobel tests given the mediation model and effect sizes; thus, the pooled sample should have adequate power. If significant findings on wholebrain FA were identified, additional analysis would be performed on regional measurements. P = .05 was used to indicate statistical significance. For whole-brain white matter tracts, P = .05/19 = .003 was used to indicate statistical significance for regional white matter measurements. All tests were 2-tailed.
Mediation Effects on Schizophrenia-Related White Matter Regions
The ENIGMA DTI working group reported the largest DTI study (http://www.enigma-viewer.org) 29 and provided patientcontrol comparison effect sizes across white matter regions in the brain (eTable 1 in the Supplement). The results provide a definitive and independent assessment of white matter regions most vulnerable to schizophrenia. If the proposed mediation path of white matter-to-processing speed-to-working memory were relevant to schizophrenia, we predicted that specific white matter regions most closely associated with schizophrenia would show the strongest mediation effect.
Clinical Correlates
Effects of symptoms and medication dose on whole-brain FA were examined: Symptom severity was expressed as BPRS total score (coefficient β BPRS ), and medication dose was expressed as CPZ (coefficient β CPZ ). Models included age and sex effects. Effects of smoking were analyzed with a binary variable 1 for smoker and 0 for nonsmoker.
Results
Whole-Brain FA and Cognitive Deficits
The ), and both processing speed and working memory were correlatedwithF A(r = 0.34 and r = 0.28; both P <10 −8 ). Patientcontrol differences in working memory were diminished after adjusting for processing speed (P value changed from 1. 1×10 −14 to .03), with a significant reduction in Cohen d (from0.83to0.24;P < .001). In comparison, when adjusting for working memory, patient-control differences in processing speed showed only marginally reduced effect sizes (from 1.2to0.89;P = .01).
Mediation Effect of Processing Speed on the Whole-Brain FA-Working Memory Association
Processing speed showed significant mediation effect on the association between white matter and working memory in the combined sample (Sobel z = 5.33; P =5.01×10
), where approximately 55% of the total (FA-working memory) effect was mediated by processing speed (Table 2 and Figure 1 ). In patients, the finding was similarly strong (Sobel z = 2.81; P = .007); 52% of the FA-working memory association was mediated by processing speed. In controls, the effect was in the same direction and approached significance (Sobel z = 1.51; P = .08), with 20% of the FA-working memory effect mediated by processing speed. Working memory had insignificant mediation effect on the FA-processing speed association in the full sample (Sobel z =1.2;P = .36). Analyses were performed to study the direct and mediated effects of fractional anisotropy (FA) on working memory (WM) via processing speed (PS). These analyses were performed separately in the full sample, patient, and control groups. .) Significant correlations with processing speed were observed for all regions after correcting for 19 comparisons (r > 0.15; P < .003), with the exception of the corticospinal tract and inferior frontooccipital tract, where the correlations were only nominally significant (r = 0.12; P = .02 vs r = 0.14; P = .006). A similar pattern was observed between regional FA and working memory. This analysis generated 19 correlation coefficients for regional FA-processing speed analyses and 19 correlation coefficients for regional FA-working memory analyses (eTable 3intheSupplement).
Regional FA and Cognitive Deficits
The 19 ENIGMA DTI-based regional effect sizes of FA were significantly correlated with the regional FA-processing speed (r =0 . 9 4 ;P < .001) ( Figure 2A ) and regional FA-working memory (r = 0.80; P < .001) correlation coefficients ( Figure 2C ). When controlling for working memory the ENIGMA DTIbased regional effect sizes remained significant in explaining regional FA-processing speed correlation coefficients (r = 0.86; P < .001) ( Figure 2B ) but not in explaining regional FAworking memory correlations when corrected for processing speed (r = 0.32; P = .31) ( Figure 2D ). We used permutation analysis (by permuting the difference on the partial correlation coefficients 1000 times) and found that the difference in these correlation coefficients was significant (P = .05).
Similar trends were observed in patients ( Figure 2E -H) and controls ( Figure 2I-L) separately. The ENIGMA DTI-based regional effect sizes were significantly associated with the regional FA-processing speed correlations, even after correcting for working memory for patients (r = 0.86; P = .001) and for controls (r = 0.59; P = .005). They were not significant for the FA-working memory correlations in patients (r = 0.42; P = .06) and controls (r = 0.31; P = .21) and were further diminished after correcting for processing speed (Figure 2 ).
Mediation Effect of Processing Speed on Regional FA-Working Memory Associations
The results for mediation analyses repeated in the full sample and in patients and controls separately are consistent with the results described earlier (eTables 4-6 in the Supplement). In the full sample, the processing speed-mediation effects on regional white matter FA to working memory were nominally significant in all white matter regions except for the corticospinal tract (eTable 4 in the Supplement). The pattern was similar in patients and controls (eTables 5-6 in the Supplement).
The regional z scores of the processing speed mediation power were significantly correlated with the ENIGMA DTIbased regional effect sizes of FA in the full sample (r =0. 94; Figure 3A ). It was significant in patients (r = 0.72) and controls (r = 0.77) independently (P < .001; Figure 3B and C).
Clinical Correlates
We detected no significant association of BPRS scores or subscales of BPRS (thought disorder, withdrawal symptoms, anxiety or depression, activation, and hostility) with whole-brain FA (all r < 0.1; all P > .20). There were no significant effects of age-of-onset (r = 0.12; P = .33), duration of the illness (r = 0.08; P = .35), medication dosage (r = 0.05; P = .50), or smoking (r = 0.16; P = .15) on whole-brain FA values.
Discussion
This study advances in 3 ways our understanding of white matter contribution to the cognitive deficits observed in schizophrenia. First, impaired whole-brain white matter microstructure was found to significantly underwrite processing speed and working memory, which are two of the fundamental cognitive deficits in schizophrenia. Second, the FA-to-working memory effects were significantly mediated by processing speed, using whole brain or regional white matter analyses. Third, white matter regions with deficits observed in schizophrenia tended to have the strongest processing speed mediation effects in the pathway of FA, processing speed, and working memory. The overlap between independently determined regional effect sizes for schizophrenia and regional variances in the association between FA, processing speed, and working memory in both patients and controls passes the stringent test for the anatomic specificity for the processing speed mediation effect and its relevance to schizophrenia pathophysiological mechanism.
The neurobiological underpinnings of the FA, processing speed, and working memory association and its links to schizophrenia are complex and likely involve interactions between brain maturation and genetic and environmental etiologies for schizophrenia. White matter maturation is regionally heterochronic, with areas supporting motor and sensory function such as the corticospinal tract fully developing by the first decade of life. 41 In contrast, the associative and commissural white matter responsible for higher-level cognitive func- tions, such as the anterior corona radiata and the genu of corpus callosum, continues to develop into the third and fourth decades of life. [41] [42] [43] The prolonged development of associative white matter may stem from the need to support higher cognitive functions, including processing speed and working memory particularly in adolescence to early and middle adulthood.
44,45
Schizophrenia is both a neurodevelopmental and a neurodegenerative disorder. 46 It emerges in late adolescence and young adulthood and may lead to premature cerebral aging and shorter lifespan. 47, 48 The prolonged development of associative white matter regions may make young people (causally or consequentially) more vulnerable to the genetic and environmental risks for schizophrenia, 27 which, in turn, may affect both regional associations of FA and processing speed ( Figure 2 ) and FA, processing speed, and working memory ( Figure 3 ) in schizophrenia patients. The associations are generally less robust in controls than in patients (Figure 2 ). Schizophrenia-related disease progress may affect white matter, processing speed, and working memory more profoundly than normal conditions might and may accentuate their association. The interpretation of these findings was aided by the replication of FA, processing speed, and working memory mediation in controls who neither had the disorder nor took antipsychotic medications. The regional pattern of the schizophrenia-associated white matter deficits was correlated with the association between FA and processing speed and working memory even in the controls, indicating that the processing speed effects in schizophrenia are likely driven by reduced white matter FA values that are not secondary effects of antipsychotic medications or a chronic disease status. Mediation analysis was used to measure the strength of the white matter-to-processing speed-to-working memory pathway. The white matter tracts most vulnerable to schizophrenia (as determined by an independent sample) were also those that show the strongest FA-to-processing speed-to-working memory mediation effect. The results suggest that the hypothesized white matter-to-cognition mediation pathway effects have neuroanatomic specificity associated with schizophrenia white matter deficits. One could argue that the correlation between FA and processing speed is secondary to FA and processing speed deficits in schizophrenia and thus results in a strong but trivial correlation finding. This argument can be refuted given that this observation was also present in controls. Instead, the strong associations among specific white matter regions, processing speed, working memory, and schizophrenia should be viewed as shared vulnerabilities between schizophrenia and the FA-to-processing speed-to-working memory pathway. Analysis on regional FA supports this interpretation. For example, anterior corona radiata was the region showing the strongest correlations with both processing speed and working memory in healthy controls ( Figure 2I and K). Anterior corona radiata contains associative fibers interconnecting frontal lobe areas that develop later in life and are thus likely related to cognition. 28, 49, 50 In patients, the strongest association between regional FA and neurocognitive measures were observed for the body of the corpus callosum that contains interhemispheric motor and sensory fibers ( Figure 2E and G). Speculatively, normal cognitive functions supported by anterior corona radiata are disrupted in patients, and alternative circuitry may take a more prominent role in cognitive performance. Other observations are more straightforward to interpret. For example, tracts not involved in working memory, such as the corticospinal tract, showed consistently low associations with neurocognitive measures regardless of diagnosis (Figure 2A and L) .
Limitations
This study has limitations. The positive correlations among processing speed and working memory measurements limit how specific the interpretation of findings can be. However, while these tasks were correlated, our analyses suggested that their associations with the white matter were meaningfully different. We collected only 2 neurocognitive measurements that robustly separated patients with schizophrenia from healthy controls, and this approach may not capture all aspects of these complex constructs. The selection of the 2 tasks was based on the considerations of collecting a large sample of imaging and cognition data from a single center. Diffusion parameters besides FA (eg, axial, radial, and mean diffusivities) were not explored; FA was selected because it is more sensitive to schizophrenia deficits than are other parameters.
29
The combined sample was not balanced on sex ratio, which may bias the findings, although no significant sex difference in FA was observed within patients or controls in any of the 3 cohorts or in the combined cohort. Repeating the mediation analysis replicated significant overall effect for the mean FA-to-processing speed-to-working memory model separately in men and women. Despite the insignificant correlations between the CPZ and FA (all P > .30), we cannot fully rule out effects from chronic antipsychotic exposure. Both processing speed and working memory are complex cognitive constructs involving extensive contributing factors and multiple alternative measurement approaches. Our approach may miss some aspects of working memory and processing speed as well as other cognitive constructs relevant to schizophrenia.
Conclusions
Findings from this study indicate that schizophrenia-related white matter deficits are a primary contributor to 2 core cognitive deficits associated with the disorder: reduced information processing speed and impaired working memory. The strong link between the schizophrenia-related effects on white were healthy controls (Table 1) .
Imaging data was collected using a Siemens 3T Allegra MRI running VA19 software and using a spin-echo, EPI sequence with a spatial resolution of 1.7×1.7×4.0mm. The sequence parameters were: TE/TR=87/5000ms, FOV=200mm, axial slice orientation with 35 slices and no gaps, 12 isotropically distributed diffusion weighted directions, and two diffusion weighting values (b=0 and 1000s/mm2). The entire protocol was repeated five times to improve signal-to-noise ratio. 
